Activated leukocyte cell adhesion molecule (ALCAM) has been proposed to mediate leukocyte migration across the blood-brain barrier (BBB) in multiple sclerosis or experimental autoimmune encephalomyelitis (EAE). Here, we confirmed vascular ALCAM expression in human brain tissue samples in situ and on two different human in vitro BBB models. Antibody-mediated inhibition of ALCAM reduced diapedesis of human CD4 þ Th1 but not of Th17 cells across the human BBB in vitro. In accordance to human Th1 cells, mouse Th1 cells showed reduced diapedesis across an ALCAM À/À in vitro BBB model under static but no longer under flow conditions. In contrast to the limited role of ALCAM in T cell extravasation across the BBB, we found a contribution of ALCAM to rolling, adhesion, and diapedesis of human CD14 þ monocytes across the human BBB under flow and static conditions. Taken together, our study highlights the potential differences in the CNS expression of ALCAM in mouse and human and supports a prominent role for ALCAM in the multi-step extravasation of monocytes across the BBB.
Introduction
The blood-brain barrier (BBB) is formed by microvascular endothelial cells (ECs) of the central nervous system (CNS). It establishes a particularly tight endothelial barrier that protects the brain and spinal cord parenchyma from the changeable milieu in the blood stream while also limiting immune cell trafficking into the CNS. 1 During autoimmune neuroinflammation such as multiple sclerosis (MS) or its animal model, experimental autoimmune encephalomyelitis (EAE), high numbers of immune cells extravasate across the BBB and critically contribute to disease pathogenesis. 2 Preventing immune cell entry into the CNS has been successfully translated into the clinic with the release of the humanized anti-a4-integrin antibody natalizumab. 3 However, the low but serious concurrent risk of progressive multifocal leukoencephalopathy (PML) makes pressing the need for more detailed knowledge on the extravasation of autoagressive immune cells across the BBB.
Extravasation of immune cells across the BBB is a highly dynamic multi-step process mediated by the sequential interaction of cell adhesion and signaling molecules on the immune cell surface with their respective endothelial counter receptors. 4 In vivo and in vitro live cell imaging have revealed that upon firm adhesion, effector T cells not only resist flow, but polarize and crawl along the luminal face of the BBB endothelium until they reach a site permissive for transcellular or paracellular diapedesis. [5] [6] [7] [8] [9] [10] In this way, EC adhesion molecules and their leukocyte ligands fulfill critical roles. Previously, we have shown an essential role for intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 in shear resistant arrest of encephalitogenic CD4 þ Th1 cells. We have also demonstrated that high level of ICAM-1 is involved during CD4 þ Th1 cell crawling against the flow and favors a transcellular diapedesis across the BBB. 5, 6 Activated leukocyte cell adhesion molecule (ALCAM; CD166) on human and mouse brain ECs has also been assigned a role in the extravasation of CD4 þ T cells across the BBB and in the development of EAE. 11 Similar to ICAM-1, ALCAM harbors five extracellular immunoglobulin (Ig)-like domains, a single spanning transmembrane domain, and a short cytoplasmic tail. [12] [13] [14] During homophilic ALCAM-ALCAM interactions, the first N-terminal Ig-domain of cis-clustered ALCAM binds to the N-terminal Igdomain of another ALCAM in trans. 15 The stronger heterophilic ALCAM-CD6 interaction is mediated by the N-terminal Ig-domain of ALCAM and the membrane proximal scavenger receptor cysteine-rich (SRCR) domain of CD6. 16 CD6-mediated interaction of T cells 17, 18 with ALCAM on antigen presenting cells 19 or on thymic epithelium 12 has been assigned a role in T cell activation and selection of thymocytes, respectively. In humans, the risk for MS development is associated with a distinct ALCAM polymorphism 20 and one MS risk allele, named rs17824933G, is located in intron 1 of the CD6 gene. 21, 22 Thus, ALCAM as a BBB specific ligand for neuroinflammatory cells could be an interesting candidate in the search for alternative pharmaceutical targets aiming to prevent pathological immune cell infiltration into the CNS.
We here addressed the role of endothelial ALCAM in the extravasation of immune cell subsets critically involved in EAE and MS pathogenesis across the human and mouse BBB. We revealed differences in the expression of ALCAM on the human versus mouse BBB and delineated a limited role of ALCAM in the diapedesis of CD4 þ Th1 or Th17 cells across the human or mouse BBB. In contrast, prominent impairment occurred at various steps of CD14 þ monocyte extravasation upon functional blockade of ALCAM. This suggests that ALCAM might influence MS pathogenesis by interfering with myeloid cell recruitment to the CNS but less so with T cells.
Materials and methods Mice
Wild type C57BL/6J mice were obtained from Harlan (Horst, Netherlands) and Janvier (Genest Saint Isle, France). ALCAM À/À mice 23 backcrossed into C57BL/6J background for eight or more generations were kindly provided by Prof. Cornelia Halin, ETH Zu¨rich, Switzerland. Mice were housed in individually ventilated cages under specific pathogen-free conditions. Animal procedures were performed in accordance with the Swiss legislation on the protection of animals or the guidelines of the Canadian Council on Animal Care and were approved by the Veterinary Office of the Kanton of Bern or the Centre de Recherche du Centre Hospitalier de l'Universite´de Montre´al (CRCHUM) Animal Care committee (N11023APs).
In vitro models of the BBB Human brain-like endothelial cells. CD34 þ cells and pericytes were isolated and differentiated exactly as described before. 24, 25 For the collection of human umbilical cord blood, infants' parents signed an informed consent form, in compliance with the French legislation. The protocol was approved by the French Ministry of Higher Education and Research (CODE-COH Number DC2011-1321).
Human brain endothelial cells. Human brain endothelial cells (HBECs) were isolated from non-epileptic surgical human CNS material (resection path) exactly as published. 11, 26, 27 Human meningeal endothelial cells. Human meningeal endothelial cells (HMECs) were isolated from leptomeningeal tissue removed from the CNS material. The tissue was extensively washed in PBS, cut into small pieces, and centrifuged at 1045 g for 15 min. The pellet was incubated in collagenase IV (1 mg/ml) (Sigma) at 37 C for 15 min, then washed in culture media and centrifuged at 485 g for 10 min. The pellet was resuspended in culture media and passed through a 30 -mm nylon filter (Miltenyi). The fraction <30 mm was cultured in six-well plates pre-coated with 0.5% gelatin.
HBECs and HMECs. Informed consent and ethic approval were given prior to surgery (Centre de Recherche du Centre Hospitalier de l'Universite´de Montre´al research ethic committee approval number HD04.046).
Primary mouse brain microvascular endothelial cells (pMBMECs). Isolation and culture of pMBMECs were performed exactly as described before. 5, 28 Cytokine stimulation of pMBMECs was done with TNF-a at 10 ng/ml, IL-1b at 20 ng/ml or TNF-a/IFN-g at 10 ng/ml and 100 U/ml for 16-20 h prior to the experiments.
Mouse brain or spinal cord microvessels
Isolation of mouse brain or spinal cord microvessels was performed as described before 29 and immediately processed for protein lysate.
Immune cell subsets
Ex vivo human CD4 þ CD45RO þ T cells. Venous blood samples were obtained from consenting healthy donors in accordance with institutional guidelines (Centre de Recherche du Centre Hospitalier de l'Universite´de Montre´al research ethic committee approval number SL05.022, SL05.023 and BH07.001), and immune cells were isolated as previously published. 30 In vitro polarized Th1 or Th17 cells. Ex vivo human CD4 þ CD45RO þ T cells were in vitro polarized as previously published. 31 Briefly, 0.5 Â 10 6 CD4 þ CD45RO þ T cells/ml were cultured with autologous monocytes at a 1 to 0.6 ratio and soluble anti-CD3 (clone OKT3 at 2.5 mg/ml, eBioscience). For Th17 differentiation recombinant human IL-23 (25 ng/ml), anti-human IL-4 antibody (5 mg/ml) and anti-human IFN-g antibody (5 mg/ml) were added, whereas IL-12 (10 ng/ml) in the presence of anti-IL-4 was added for Th1 differentiation (all reagents from R&D Systems). Th1 cells were harvested at day 5 and Th17 cells at day 6 of culture to be used in adhesion and transmigration experiments using HMECs or HBECs.
CD4 þ CD45RO þ Th1 cells sorted from peripheral blood. Human CD4 þ CD45RO þ Th1 cells were directly sorted from healthy human blood donors according to differential expression of chemokine receptors (CXCR3 þ , CCR4 À , CCR6 À ) as previously described. 32, 33 Th1 cells were cultured in the presence of IL-2 (500 U/ml) for a total of 20 days and then employed for adhesion assay.
Human monocytes. Ex vivo human CD14 þ monocytes were isolated from venous blood of consenting healthy donors in accordance with institutional guidelines (Centre de Recherche du Centre Hospitalier de l'Universite´de Montre´al research ethic committee approval number SL05.022, SL05.023 and BH07.001) as previously published. 30 In brief, peripheral blood mononuclear cells were obtained using density gradient centrifugation on Ficoll-Paque TM (GE Healthcare) followed by immune-positive MACS Õ beads (Miltenyi) isolation and used directly (ex vivo) for monocyte/ endothelial interaction under flow, adhesion, and transmigration experiments with HBECs or HMECs.
Mouse CD4 þ Th1 cells. The encephalitogenic CD4 þ proteolipid protein (PLP) aa139-153 specific Th1 cell line SJL.PLP7 (IFN-g þ GM-CSF þ IL-4 À IL-17 À ) was used for studying mouse Th1 cell interaction with pMBMECs. Activation with the cognate antigen and culture of Th1 cells was as previously published. 5, 34 Antibodies and cytokines Antibodies and cytokines are named in the figure legends and specified in supplementary material.
Immunohistochemistry and ALCAM quantification on human brain tissue Human brain tissues were obtained from post-mortem autopsies supplied by the UK Multiple Sclerosis Tissue Bank (UK Multicentre Research Ethics Committee, MREC/02/2/39), funded by the Multiple Sclerosis Society of Great Britain and Northern Ireland (registered charity 207495, Supplementary Table 1 ). Immunohistochemistry on cryostat sections (12 mm) from fresh frozen tissue blocks was performed as described before. 35 ALCAM immunostaining was evaluated by calculating the average signal intensity of all microvessels (Ø < 15 mm) in randomly taken pictures from control (30 pictures from 6 cases) and MS cases (NAWM: 28 pictures from 6 cases, chronic Lesion: 21 pictures from 5 cases). Average signal intensities were first calculated for single cases and tissue type and were then compared in between the different tissue types. Differences between the tissue groups were calculated using the student's t-test.
Immunofluorescence IF staining on human brain-like endothelial cells. The human in vitro BBB was stimulated as indicated with TNF-a (10 ng/ml), IL-1b (20 ng/ml), or TNF-a/IFN-g (10 ng/ml each) for 16 h and then incubated with mouse antihuman ALCAM antibody clone 105,901 (10 mg/ml) or with mouse IgG1 isotype control for 30 min at 37 C. The BBB was washed, fixed in 1% PFA, unspecific binding sites were blocked in skimmed milk (5% in PBS) and incubated for 45 min with donkey anti mouse IgG-Cy3 (1:500). Images were acquired with a Nikon Eclipse E600 microscope equipped with a digital camera.
IF staining on HBECs or HMECs. HBECs or HMECs were grown to confluency in Ibidi -slides VI 0.4 and then treated for 24 h with TNF-a/IFN-g (at 100 U/ml each). Cells were washed with PBS and then fixed at room temperature with 70% ethanol. Staining was performed as previously reported 36 using anti-human ALCAM antibody clone 105,901 followed by donkey anti-mouse Cy3. TOPRO-3 Iodide (1:300 in Mowiol mounting medium) was used to stain nuclei. Images were acquired with a LEICA SP5 confocal microscope.
Quantitative RT-PCR
RNA extraction, cDNA synthesis and SYBR green qPCR were done exactly as described before. 6 Primers (Eurogentec S.A., Seraing, Belgium) were as follows. ALCAM (NM_009655): CTTCAGTGTTTGGGGA ATGG (sense) and TTATGCCTTCAGGCTGTCCT (reverse); ICAM-1 (NM_010493): CACGCTACCT CTGCTCCTG (sense) and TCTGGGATGGATG GATACCT (reverse); and ribosomal protein S16 (Rps16) (the endogenous control) (NM_013647): GATATTCGGGTCCGTGTGA (sense) and TTGAGATGGACTGTCGGATG (reverse).
EAE, protein lysates, Western Blot, and protein quantification
Active EAE, Western Blot, and protein quantification were performed according to standard methods. Details are described in supplementary material.
Adhesion assay
Adhesion of ex vivo sorted human CD4 þ Th1 cells to human brain-like endothelial cells. After six days of co-culture with pericytes on 3 mm pore size Transwell Õ inserts, human brain-like endothelial cells (HBLECs) were treated with cytokine for 16 h. Both, the HBLECs and human CD4 þ Th1 cells were pre-incubated with mouse anti-human ALCAM antibody (10 mg/ml), anti-human ICAM-1 (15 mg/ml), or mouse IgG 1 control antibody (15 mg/ml) for 30 min at RT. Soon after incubation, 10 4 human Th1 cells labeled with CMFDA cell tracker (Life Technologies, ThermoFisher) were added on top of the human in vitro BBB and allowed to adhere for 30 min. Non-adherent cells were then gently washed away with PBS and cells were fixed with 1% PFA in PBS, blocked in 5% skimmed milk in PBS and incubated for 45 min with donkey anti mouse Cy3 antibody (1:500). The human in vitro BBB treated with mouse isotype control was incubated after fixation with mouse anti-human VE-cadherin (1:200). Assays were analyzed by fluorescence microscopy (Nikon Eclipse E600) and Th1 bound cells per pre-defined field were determined by counting five fields per filter. Assays were performed in triplicates for each value.
Diapedesis assay
Diapedesis of human immune cell subsets across HBECs or HMECs. HBECs or HMECs (3.5 Â 10 4 cells per filter) were grown on gelatin-coated 3 mm pore size Boyden chambers (Fisher Scientific) in culture media supplemented with 40% astrocyte-conditioned media for 72 h (to confluency). Where indicated, antibodies specific for ALCAM (clone 105,901, R&D Systems, 30 mg/ ml), ICAM-1 (clone BBA3, R&D Systems, 10 mg/ml) or the appropriate isotype control were added to ECs and immune cell subsets 1 h prior to the experiment. In presence of the blocking or control antibody, a suspension of 1 Â 10 6 leukocytes was added to the upper chamber and allowed to migrate for 16-18 h. The absolute number of cells that transmigrated to the lower chamber was then assessed. All conditions were performed in triplicate for each donor.
Diapedesis of mouse Th1 cells across pMBMECs. T cell diapedesis across pMBMECs under static conditions was assessed as described before. 5, 37 Imaging of extravasation under flow In vitro live cell imaging of mouse CD4 þ Th1 cell interaction with pMBMEC. Imaging of mouse Th1 cell dynamic interaction with pMBMECs cultured on matrigelcoated cell culture surfaces (-dish 35 mm-low , ibidi Vitaris, Baar, Switzerland) was performed as described before. 5, 38 In vitro live cell imaging of human monocyte, Th1 cell, or Th17 cell interaction with HBECs. Imaging of human leukocyte subset interaction with HBECs under flow was performed as previously published. 30, 39 Statistics Statistical analysis was performed using GraphPad Prism 6.0 software (Graphpad software, La Jolla, CA, USA). Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001). Nonspecific differences are without label. Unless otherwise specified, data are expressed as mean AE standard error of the mean (SEM) and statistical differences of two groups were calculated by unpaired Student's t-test with equal SD.
Results

ALCAM expression in chronic MS lesions in situ and on the human BBB in vitro
Previously, we have described prominent ALCAM staining on brain vessels in acute MS lesions. 11 Here, we addressed expression of ALCAM in chronic MS lesions. Immunostaining of post-mortem brain tissue from MS cases confirmed ALCAM on small human brain vessels in chronic MS lesions as well as on microvessels in normal appearing white matter (NAWM) and control brain tissue samples ( Figure  1(a) ). Quantification of staining signal intensity revealed no significant difference of microvascular ALCAM between all three types of human brain samples (Figure 1(b) ). ALCAM immunostaining was also detected on large diameter brain vessels, which were, however, excluded from analysis because they are not involved in immune cell extravasation. Thus, unlike in acute MS lesions, 11 microvessels in chronic MS lesions do not show increased ALCAM staining.
In line with our previous observations, we here confirmed ALCAM immunostaining on primary human brain endothelial cells (HBECs) (Figure 1(c) ). 11 We further demonstrated ALCAM immunostaining on a second in vitro model of the human BBB established from CD34 þ cell-derived HBLECs (Figure 1(e) ). 24, 25 Immunofluorescence (IF) staining confirmed upregulation of endothelial ALCAM following stimulation with TNF-a, IL-1b, or a combination of TNF-a and IFN-g (TNF-a/IFN-g) on HBECs or HBLECs (Figure 1 (c) and (e)). Confocal z-stack images over the low height of less than 1 mm of HBECs and HBLECs did not allow a clear allocation of ALCAM to the basal or apical face of the brain ECs ( Supplementary Figure 1 , Supplementary Movies 1 and 2, and data not shown). As leptomeningeal immune cell infiltration is an important aspect in EAE and potentially in MS, we have additionally compared primary cultures of HBECs with primary cultures of HMECs (Figure 1(c) ). As opposed to HBECs, HMECs stained more prominently for ALCAM in resting conditions and no significant increase in staining was observed under inflammatory conditions (Figure 1(c) ). Differential cell surface expression of ALCAM by HBECs and HMECs was confirmed by flow cytometry analysis, which also confirmed upregulation of ICAM-1 and VCAM-1 on both HBECs and HMECs upon cytokine stimulation (Figure 1(d) ).
Limited involvement of ALCAM in the interaction of human CD4 þ T cells with the BBB in vitro
We have previously assigned a role for ALCAM in the extravasation of monocytes and CD4 þ T cells across the human BBB. 11 However, neither the precise effector T cell subset nor the precise step of extravasation affected by blocking ALCAM has been identified. Here, we aimed to address the role of ALCAM in the extravasation of activated CD4 þ Th1 and Th17 cells across the human BBB. First, we tested the adhesion of ex vivo human CD4 þ CD45RO þ Th1 cells sorted from human peripheral blood as described before. 40 These T cells expressed CD6 and ALCAM on their surface as determined by flow cytometry (Supplementary Figure 2) and readily adhered to HBLECs in a static environment (Figure 2 )). Using an in vitro flow system, we also tested rolling and initial arrest of human in vitro polarized Th1 and Th17 cells on HBECs. Th1 and Th17 cells used for this experiment were generated by in vitro polarization of ex vivo human CD4 þ CD45RO þ T cells as described. 31 These T cells expressed similar cell surface levels of CD6 but lower cell surface levels of ALCAM when compared to ex vivo sorted Th1 cells (Supplementary Figure 2 ). The addition of function-blocking anti-ALCAM antibodies to HBECs and Th1 or Th17 cells did neither reduce their rolling nor their arrest on resting or stimulated HBECs (Figure 2 (c) and (d) and data not shown). Taken together, we concluded that ALCAM is not involved in rolling, shear resistant arrest, and firm adhesion of human Th1 and Th17 cells to human in vitro models of the BBB.
To address the role of endothelial ALCAM in T cell diapedesis across HBECs, we used a modified Boyden chamber assay. In line with our previous observations, we found that inhibition of ALCAM reduced the diapedesis of ex vivo sorted CD4 þ CD45RO þ T cells across HBECs (Figure 2 (e)). 11 However, no effect of ALCAM blockade occurred when CD4 þ CD45RO þ T cells were allowed for diapedesis across HMECs (Figure 2(e) ). For refinement, we then analyzed the diapedesis of in vitro polarized Th1 versus Th17 cells and observed that pre-treatment of HBECs with the function-blocking anti-ALCAM antibody or pre-treatment of T cells with a function-blocking anti-CD6 antibody significantly reduced diapedesis of Th1 but not of Th17 cells (Figure 2 
Prominent neuronal ALCAM masks endothelial ALCAM at the BBB in mice
Research using mouse in vivo EAE models or mouse in vitro BBB models has been fundamental in improving our understanding of the immune pathogenesis of MS. 41 Previously, we have demonstrated that anti-ALCAM antibody treatment ameliorates MOG (aa35-55) -induced EAE in C57BL/6 mice. 11 To determine in vivo ALCAM expression in the mouse CNS during EAE, we next analyzed protein lysates from inflamed CNS tissue of C57BL/6 mice suffering from acute EAE compared to age and gender matched healthy controls. The amount of ALCAM protein in lysates from brain cortices and cerebella of EAE mice was comparable to the healthy controls (Figure 3(a) to (c), Supplementary Table 2 , Supplementary Figure 3 ). In contrast, ALCAM levels in spinal cords were lower in EAE, concomitant with an increase of ICAM-1 protein levels, as compared to control samples (Figure 3 (a), (d), (e), Supplementary Table  2 , Supplementary Figure 3 ). The presence of two ALCAM bands in the Western Blots of cerebellum and spinal cord lysates presumably represents different post-translational modifications in different CNS cells (Figure 3(a) , Supplementary Figure 3 ). As expected, protein lysates from healthy ALCAM À/À C57BL/6 mice were devoid of both ALCAM isoforms ( Figure  3 (f), Supplementary Figure 3 ). To localize the cellular sources of ALCAM in the mouse brain, we performed IF staining on frozen naı¨ve brain or spinal cord sections and on respective tissue sections from ALCAM À/À mice ( Supplementary Figure 4) . We found strong ALCAM immunostaining in the meninges of the mouse brain and a more moderate, widespread staining in the parenchyma of the cerebral cortex and the striatum ( Supplementary Figure 4(a) and (c)). Strong ALCAM immunoreactivity was also observed in neurons and axons of the dorsal root ganglia, the dorsal, and the ventral horn ( Supplementary Figure 4(d) to (f)), and in the axons that projected to a particular dorsal lamina ( Supplementary Figure 4(h) ). However, multicolor IF staining failed to locate ALCAM staining on IB4-positive CNS vessels in brain and spinal cord sections of C57BL/6 mice ( Supplementary Figure 4(j) ). We therefore hypothesized that the strong signal intensity of neuronal ALCAM did not allow the detection of lower endothelial ALCAM levels in situ.
Therefore, we next tested the expression of ALCAM on freshly isolated CNS vessels and in primary mouse brain microvascular ECs (pMBMECs) from C57BL/6 mice. ALCAM protein was readily detectable in protein lysates from brain and spinal cord vessels of wild type mice but was absent in the respective samples from ALCAM À/À C57BL/6 mice (Figure 3(g) ). Similarly, ALCAM mRNA was detected in unstimulated and cytokine stimulated pMBMECs from wild type C57BL/6 mice (Figure 3(h) ). Remarkably, the stimulation of pMBMECs with IL-1b induced a 3-fold upregulation of ALCAM mRNA, as compared to controls, whereas TNF-a caused no change (Figure 3(h) ). At the same time, the levels of ICAM-1 or VCAM-1 mRNA were upregulated 23-fold and 8-fold upon stimulation pMBMECs with IL-1b (Figure 3 (i) and (j)). Taken together, stimulation of pMBMECs with IL-1b induced a significant upregulation of ALCAM, ICAM-1, and VCAM-1.
Endothelial ALCAM plays a limited role in mouse Th1 cell diapedesis across the BBB
We next investigated the role of ALCAM during diapedesis of Th1 cells in mouse. To specifically target the role of endothelial ALCAM, we took advantage of the ALCAM À/À C57BL/6 mouse as a source of pMBMECs. 23, 42 ALCAM and CD6 protein expression on mouse encephalitogenic Th1 cells 5, 34 was confirmed by flow cytometry (Supplementary Figure 5 ). Using the modified Boyden chamber assay, we found, in accordance with the observations made with human Th1 cells, a reduction of mouse Th1 cell diapedesis across unstimulated ALCAM À/À pMBMECs compared to wild type pMBMECs (Figure 4(a) ). However, the difference was abrogated by the stimulation of pMBMECs with TNF-a, IL-1b, or TNF-a/IFNg (Figure 4(a) ). Compensatory upregulation of ICAM-1, ICAM-2, or VCAM-1 in the absence of ALCAM on stimulated ALCAM À/À compared to wild type pMBMECs was ruled out through side-by-side analysis of their cell surface expression (data not shown). Possibly, low levels of ALCAM on resting BBB-ECs contribute to Th1 cell migration, but ALCAM may become dispensable when other molecules involved in T cell extravasation, such as ICAM-1 or VCAM-1, are upregulated under inflammatory conditions.
To dissect the precise role of endothelial ALCAM leading to reduced Th1 cell diapedesis, we next employed in vitro time-lapse live cell imaging under physiological flow. 38 This approach has proven valuable for dissecting the different roles of other CAMs during the extravasation cascade across the BBB. 5, 6, 43 First, we compared the shear resistant arrest of Th1 cells on the unstimulated or cytokine stimulated wild type or ALCAM À/À pMBMECs (Figure 4(b) ). Irrespective of the presence or absence of cytokine stimulation, we found comparable numbers of Th1 cells arresting on wild type and ALCAM À/À pMBMECs (Figure 4(b) ), demonstrating that ALCAM does not contribute to mouse Th1 cell arrest on the BBB. Next, we compared the dynamic post-arrest behavior of Th1 cells on ALCAM À/À and wild type pMBMECs (Figure 4 (c) to (i)). On unstimulated wild type pMBMECs, the majority of the arrested Th1 cells continuously crawled on the endothelial surface and another substantial fraction detached due to low sustained adhesive interactions, while only a minor fraction of the Th1 cells migrated across the pMBMEC monolayer (Figure 4(c) ). In contrast, the majority of arrested Th1 cells crossed the cytokine stimulatedendothelial monolayer and another substantial fraction of Th1 cells continuously crawled on the endothelial surface with only rare events of detachment (Figure 4(d) and (e)). Importantly, the comparison of the dynamic Th1 cell behavior on wild type versus ALCAM À/À pMBMECs did not show any significant differences (Figure 4 (c) to (e)). We also assessed shorter periods of evaluation to focus on early diapedesis which, however, did not reveal any significant difference in the dynamic Th1 cell behavior on wild type versus ALCAM À/À pMBMECs (Figure 4 (e) and (f)). Furthermore, the speed of Th1 cell crawling ( Figure  4(g) ), the time elapsed between Th1 cell arrest and diapedesis (Figure 4(h) ), or the duration of diapedesis (Figure 4(i) ) were comparable on wild type and ALCAM À/À pMBMECs. Taken together, our detailed live cell imaging analysis did not reveal any role for endothelial ALCAM in the multi-step Th1 cell migration across mouse BBB-ECs in vitro. Thus, the observed role for endothelial ALCAM in mediating Th1 cell diapedesis across the BBB under static conditions is abrogated under physiological flow.
ALCAM is involved in multiple steps of monocyte migration across the BBB Considering our previous findings on ameliorated EAE upon anti-ALCAM treatment 11 but the limited role of ALCAM in Th1 cell diapedesis across the BBB, we finally aimed to delineate the role of ALCAM in monocyte migration across the BBB. After extravasation across the BBB, monocytes can differentiate into dendritic cells (DCs) and macrophages and contribute to disease pathogenesis. 44, 45 Here, we used ex vivo sorted human CD14 þ monocytes of which 60 to 85% expressed ALCAM, as demonstrated by us and others before. 11, 46 Using the in vitro flow system, ex vivo human CD14 þ monocytes were allowed to interact with HBECs over a period of 30 min and were recorded in real time for multiple intervals of 30 sec. Tracking of individual monocytes over time demonstrated that blocking both, monocyte and endothelial ALCAM with a function-blocking antibody significantly reduced monocyte/HBEC interactions and interfered with an overall decrease in monocyte speed, as compared to the isotype control ( Figure 5(a) ). More specifically, anti-ALCAM antibody treatment blocked both, rolling ( Figure 5(b) ) and firm adhesion ( Figure 5(c) ) of CD14 þ monocytes on unstimulated HBECs. The functionblocking anti-ALCAM antibody also significantly reduced firm adhesion of CD14 þ monocytes on TNFa/IFN-g stimulated HBECs ( Figure 5(d) ). Using the modified Boyden chamber assay, we found that antibody-mediated blocking of ALCAM reduced the migration of CD14 þ monocytes across resting HBECs ( Figure 5(e) ). We also correlated the diapedesis of monocytes across HMECs obtained from the same donors as the HBECs. As expected, monocytes migrated in higher numbers across the more permeable HMECs, while also being significantly blocked upon the addition of anti-ALCAM antibodies ( Figure 5(e) ). Importantly, the effect of antibody-mediated inhibition of ALCAM on monocyte diapedesis was comparable to the extent of antibody-mediated blockage of ICAM-1 ( Figure 5(e) ). In conclusion, ALCAM contributes to the extravasation of human CD14 þ monocytes across the human BBB at various individual steps, namely rolling, firm adhesion, and diapedesis. Thus, we conclude that a therapeutic targeting of ALCAM in the treatment of neuroinflammation would affect the recruitment of monocytes into the CNS but exert limited effect on the recruitment of CD4 þ effector T cells.
Discussion
MS is an inflammatory disease of the CNS with no cure available to date. However, treatments exist that ameliorate and delay the progression of the disease. Successful therapeutic strategies targeting immune cell trafficking have been translated into the clinics such as the humanized anti-a4-integrin antibody natalizumab and the sphingosine-analogue fingolimod. 2, 3 Unfortunately, natalizumab and fingolimod harbor a low risk of developing the fatal disease PML, which is due to the complete inhibition of the CNS immune surveillance. 47, 48 To define alternative therapeutic targets aimed at inhibiting pathological immune cell entry into the CNS during MS, more detailed knowledge on the multi-step extravasation of different immune cell subsets across the BBB is required. In previous studies, we have defined the individual roles of endothelial selectins, VCAM-1, ICAM-1, and ICAM-2 in CD4 þ Th1 cell extravasation across the BBB during EAE. 5, 6, 49, 50 However, further endothelial cell surface proteins expressed at the BBB, such as melanoma cell adhesion molecule (MCAM, CD146), 30, 51 netrin-1, 29 Ninjurin-1, 39, 52 and ALCAM 11 were recently proposed as additional players in the migration of different immune cell subsets including Th1 and Th17 cells across the BBB and hence as potential pharmaceutical targets for the treatment of MS. However, the precise steps mediated by these additional molecules within the extravasation cascade have not been solved. To this end, we here analyzed the role of ALCAM in various steps of extravasation using human Th1 or Th17 cells and monocytes, as well as mouse Th1 cells across both human and mouse in vitro models of the BBB. Functional analysis was complemented by the analysis of ALCAM expression in human and mouse CNS tissue or on their respective in vitro models of the BBB. In a previous study, we found increased ALCAM expression on brain vessels in acute MS lesions. 11 Similarly, inflamed vessels in the CNS of drug-abusing or HIV-infected patients 53 show increased ALCAM expression. In the present study, we confirmed the expression of ALCAM protein in human brain BBB-ECs. However, we also found that, in chronic MS lesions, vascular ALCAM is not enhanced compared to NAWM or control tissues from individuals without neurological diseases. Obviously, specific inflammatory conditions play a decisive role in the upregulation of ALCAM at the human BBB in situ. On the other hand, ALCAM was readily detectable on both, unstimulated stem cell-and primary cellderived in vitro models of the human BBB and increased upon cytokine stimulation in line with our previous observations. 11 Thus, our data confirm the expression of ALCAM on the human BBB in situ and in vitro.
In our previous study, we have demonstrated a role for ALCAM in the diapedesis of human CD4 þ but not CD8 þ T cells across the human BBB. 11 In apparent contrast, another study failed to find a role for endothelial ALCAM in the migration of human CD3 þ T cells across an in vitro model of the human BBB consisting of commercially available human brain microvascular ECs co-cultured with astrocytes. 46 However, the latter study was based on a different experimental setup including a chemotaxis component towards CCL2 or CXCL12, longer duration of the T cell migration period and a different anti-ALCAM antibody. 46 In addition, the more heterogeneous population of CD3 þ T cells investigated in that study might have superseded the role of ALCAM in mediating the diapedesis of specific T cell subsets across the BBB. The role of ALCAM in the extravasation of CD4 þ Th1 and Th17 cells has not been addressed hitherto. Here, we confirmed the role of ALCAM in the diapedesis of mixed populations of ex vivo CD4 þ T cells across unstimulated HBECs. However, antibodymediated inhibition of ALCAM neither blocked rolling nor flow resistant arrest of in vitro polarized human Th1 cells nor adhesion of ex vivo sorted human Th1 cells to unstimulated or stimulated HBECs or HBLECs, respectively. Nonetheless, antibody-mediated inhibition of ALCAM significantly reduced the diapedesis of in vitro polarized human Th1 cells across HBECs but neither adhesion nor diapedesis of human Th17 cells. Thus, our results suggest that ALCAM plays a limited role in T cell extravasation across the BBB by contributing solely to the diapedesis of human CD4 þ Th1 but not Th17 cells across the human BBB.
Research based on mouse species offering knock-out models for in vivo and in vitro studies for the inhibition of leukocyte trafficking has been fundamental for the clinic. 3, 41 To set the stage, we here investigated the expression of ALCAM in the mouse CNS and its role in Th1 cell extravasation across the BBB. We determined that either equal or lower amount of ALCAM protein is present in the brain or spinal cord of C57BL/ 6 mice during acute EAE. The inflamed condition of the samples was confirmed by the upregulation of ICAM-1 compared to control samples. 54, 55 While the expression of ALCAM on neurons has been described before, 23, 56 we here confirmed ALCAM expression in situ on neurons and in the meningeal layers, whereas the parenchymal CNS vasculature did not visibly stain positive for ALCAM. We concluded that in contrast to the human brain, ALCAM protein in mouse CNS vessels might be difficult to detect due to its low level compared to its high level in neurons.
To test whether the role of ALCAM in the diapedesis of Th1 cells across the BBB is conserved between human and mouse in spite of the obvious differences in ALCAM protein levels on the BBB, we used encephalitogenic mouse Th1 cells 42 and a mouse in vitro BBB model composed of pMBMECs. 28, 37 Isolation of pMBMECs from ALCAM À/À C57BL/6 mice 21 and wild type littermates in parallel enabled a direct comparison of Th1 cell interaction with the BBB in the presence or absence of ALCAM. To model an inflamed BBB with high levels of ICAM-1 and VCAM-1, pMBMECs were stimulated with pro-inflammatory cytokines. 5, 6 Under static conditions, mouse Th1 cell diapedesis was reduced across unstimulated ALCAM À/À compared to wild type pMBMECs. In vitro live cell imaging under physiological flow has proven valuable in delineating the different roles of endothelial ICAM-1, ICAM-2, and VCAM-1 during the extravasation of immune cell subsets across the BBB. 5, 6, 37, 57, 58 Interestingly, our detailed analysis revealed comparable Th1 cell shear resistant arrest, diapedesis, crawling speed, or duration of diapedesis on wild type and ALCAM À/À pMBMECs. Upon stimulation with pro-inflammatory cytokines, the diapedesis rate of mouse Th1 cells across ALCAM À/À or wild type pMBMECs was also equal under static and under flow conditions. Following the strong upregulation of mouse endothelial ICAM-1 and VCAM-1 upon cytokine stimulation as compared to ALCAM and considering their essential roles in the multi-step extravasation cascade, our data suggest that ALCAM could be involved in the diapedesis of mouse Th1 cells across the BBB in unstimulated low shear stress conditions in vivo, but becomes dispensable during neuroinflammation. 5, 6 To explain the prominent role of ALCAM previously observed during the development of EAE, 11 we investigated the role of monocytes, which can differentiate into DCs and macrophages after infiltrating the CNS and thus contribute to EAE and MS pathogenesis. 59 In particular, early depletion of monocytes completely abrogates clinical development of EAE 45 and depletion of monocytes after disease onset still protects from axonal loss during EAE. 60 This led us to finally analyze the role of ALCAM in various steps of monocyte extravasation across the BBB. We here confirmed a significant role of ALCAM in monocyte diapedesis across unstimulated and cytokine stimulated HBECs that previous studies have described before. 11, 46, 61 In the present study, we found additional roles for ALCAM during monocyte rolling and shear resistant arrest on the human BBB not addressed by others hitherto. Possibly, higher levels of ALCAM on monocytes versus Th1 or Th17 cells could explain the increased effect of blocking ALCAM on the multi-step extravasation of monocytes across the BBB, as compared to the T cell subsets. In support, overexpression of ALCAM on the surface of human T-lymphotropic virus type 1 (HTLV-1)-infected lymphocytes was identified as a cause for their increased migration across the human BBB. 62 In conclusion, we here demonstrate a higher expression of ALCAM on the human BBB, as compared to the mouse BBB. Nevertheless, in both species, ALCAM is involved in the diapedesis of Th1 cells across the uninflamed BBB, though it is not involved in shear resistant arrest, adhesion strengthening, and diapedesis of Th1 cells under flow. In contrast, the prominent role of ALCAM in multiple steps of the monocyte extravasation cascade across the BBB suggests that the function-blocking anti-ALCAM antibody specifically interferes with monocyte infiltration into the CNS during autoimmune neuroinflammation and thus lead to the amelioration of EAE as observed before. 11 Considering the prominent expression of ALCAM on the human BBB, ALCAM might be a suitable therapeutic target for specifically targeting myeloid cell migration into the CNS, while leaving T cell-mediated CNS immune surveillance intact.
